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Functional stereotactic neurosurgery by means of deep brain stimulation or ablation
provides an effective treatment for movement disorders, but the outcome of surgical
interventions depends on the accuracy by which the target structures are reached. The
purpose of this pilot study was to evaluate the feasibility of diffusion tensor imaging
(DTI) based probabilistic tractography of deep brain structures that are commonly used
for pre- and perioperative targeting for functional neurosurgery. Three targets were
reconstructed based on their significance as intervention sites or as a no-go area to
avoid adverse side effects: the connections propagating from the thalamus to (1) primary
and supplementary motor areas, (2) to somatosensory areas and the cerebello-thalamic
tract (CTT). We evaluated the overlap of the reconstructed connectivity based targets
with corresponding atlas based data, and tested the inter-subject and inter-scanner
variability by acquiring repeated DTI from four volunteers, and on three MRI scanners
with similar sequence parameters. Compared to a 3D histological atlas of the human
thalamus, moderate overlaps of 35-50% were measured between connectivity- and
atlas based volumes, while the minimal distance between the centerpoints of atlas
and connectivity targets was 2.5 mm. The variability caused by the MRI scanner was
similar to the inter-subject variability, except for connections with the postcentral gyrus
where it was higher. While CTT resolved the anatomically correct trajectory of the
tract individually, high volumetric variability was found across subjects and between
scanners. DTI can be applied in the clinical, preoperative setting to reconstruct the
CTT and to localize subdivisions within the lateral thalamus. In our pilot study, such
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subdivisions moderately matched the borders of the ventrolateral-posteroventral (VLpv)
nucleus and the ventral-posterolateral (VPL) nucleus. Limitations of the currently used
standard DTI protocols were exacerbated by large scanner-to-scanner variability of the
connectivity-based targets.
Keywords: diffusion MRI, diffusion tensor imaging, brain connectivity, cerebello-thalamic tract, functional
neurosurgery
INTRODUCTION
Functional stereotactic neurosurgery by means of deep brain
stimulation or ablation provides an effective treatment for
movement disorders including Parkinson’s disease (Benabid
et al., 1996; Ohye, 2009), essential tremor and dystonia (Baizabal-
Carvallo et al., 2014). Since the brain and in particular
the thalamic and subthalamic regions frequently targeted for
functional stereotactic neurosurgery are tightly packed with
neuronal circuits, the outcome of surgical interventions depends
critically on the accuracy by which the target structures are
reached (Hariz, 2002; Lanotte et al., 2002). Errors in targeting
can compromise the efficacy of the treatment and lead to
adverse side effects such as motor deficits (Baizabal-Carvallo and
Jankovic, 2016), hypomania (Chopra et al., 2012), impulse control
disorders (Amami et al., 2015), hemi-neglect, and dysarthria
(Tripoliti et al., 2011). Therefore, novel and improved targeting
approaches are required to provide optimal image guidance for
tailored and personalized therapy.
Localization of the target structures can be performed either
directly from MRI or indirectly from atlas coordinates and
predefined anatomical landmarks (Lemaire et al., 2007). Given
the inter-subject variability in anatomical position of the target
nuclei (Morel et al., 1997), direct targeting is arguably more
accurate, but this approach is limited by the low contrast and
relatively low visibility of the target structures on MRI. This
low visibility represents a particular challenge for neurosurgical
targeting in the thalamus, which contains important target
structures for stereotactic surgical interventions by means of
ablative therapies such as centrolateral thalamotomy for pain, or
deep-brain stimulation of the nucleus Vim (Benabid et al., 1996;
Gallay et al., 2008; Martin et al., 2009).
In the clinical setting, while the relaxation properties depicted
by T1- or T2-weighted MRI offer limited insight into the anatomy
of the thalamus, recently, diffusion MRI based techniques
have been suggested as a way to visualize various subdivisions
representing possible target locations within the thalamus
(Behrens et al., 2003a; Wiegell et al., 2003; Johansen-Berg
et al., 2005; Traynor et al., 2010). Diffusion MRI and DTI
can be used to estimate the intra-voxel incoherent diffusion
driven motion of water molecules (Le Bihan and Johansen-
Berg, 2012). The local orientation of diffusion correlates with
the direction of axonal fibers within an image voxel, providing
Abbreviations: AC, anterior commissure; CBT, connectivity based target;
CTT, cerebello-thalamic tract; DTI, diffusion tensor imaging; DWI,
diffusion weighted imaging; MNI, Montreal Neurological Institute; MRI,
magnetic resonance imaging; PC, posterior commissure; Vim, nucleus
ventralisintermedius; VLpv, nucleus ventrolateralis part posteroventralis; VPLp,
nucleus ventralisposterolateralis posterior part.
the basis for various tractography techniques that enable the
macroscopic reconstruction of white matter structures, as well
as the connectional anatomy of subcortical structures (Jonasson
et al., 2007; Zhang et al., 2010; O’Muircheartaigh et al., 2011).
While the most common way of using tractography is done
by charting the white matter trajectories emerging from a
“seed” area, the back-propagation of remote connections to a
seed region allows the parcellation of cortical and subcortical
areas based on their in- and outgoing connectivity (Behrens
et al., 2003a; Johansen-Berg et al., 2004; Draganski et al., 2008).
Furthermore, tractography can be used to directly reconstruct
fiber pathways emerging from the thalamus, as potential white
matter targets for functional neurosurgery (Kwon et al., 2011).
The direct mapping of the thalamic nuclei, such as the
Vim through diffusion tractography is not possible, since the
lateral thalamus acts as a relay station with specific and
somatotopically organized cortico-thalamic connections (Kievit
and Kuypers, 1977). However, the subdivision of the thalamus
based on its remote connectivity is possible (connectivity-
based segmentation: Johansen-Berg et al., 2005). Thalamic
mapping utilizing various tractography and connectivity-based
segmentation techniques has been suggested for preoperative
prediction of target location for functional neurosurgery
(Pouratian et al., 2011; Hyam et al., 2012; Lujan et al., 2012;
Hunsche et al., 2013; Sudhyadhom et al., 2013; Anthofer et al.,
2014; Torres et al., 2014; Avecillas-Chasin et al., 2016). Some
previous studies have used connectivity-based segmentation
methods to localize the intra-thalamic representation of motor
and premotor connections to find the most probable location
of the Vim target for functional neurosurgery (Pouratian et al.,
2011; Hyam et al., 2012), while other studies investigated the
link between the outcome of neurosurgery and the anatomical
configuration of adjacent fiber tracts predicted by tractography
(Butson et al., 2006; Anthofer et al., 2014). However, connectivity-
based methods can also localize regions adjacent to the possible
target areas with strong somatosensory connections, such as
connections to the postcentral gyrus, providing a means to
define safety margins around possible target areas to avoid
adverse treatment effects. The definition of such “no-go” areas
is particularly important for approaches such as MRI-guided
high intensity focused ultrasound ablation, which relies heavily
on the preoperative definition of possible target sites, as the
intraoperative monitoring of adverse clinical symptoms is limited
without intraoperative physiological monitoring.
In addition to the thalamic nuclei, other structures including
the dentato-rubro-thalamic or CTT encompass fibers that act
to coordinate the initiation, planning and timing of movement,
and accordingly have also been proposed as a putative target
for the alleviation of symptoms in various motor disorders
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(Ohye et al., 1993; Gallay et al., 2008; Schlaier et al., 2015).
Diffusion tractography has been used successfully to reconstruct
this structure in the clinical setting (Coenen et al., 2011a; Kwon
et al., 2011; Schlaier et al., 2015), and has also been used to
correlate outcome with the adjacency of this tract. However,
studies investigating the link between outcome and the adjacency
of the CTT have reported mixed accuracy, calling for a more
precise evaluation of the reproducibility of the localization of this
tract with tractography (Schlaier et al., 2015). A further challenge
is to evaluate the correspondence of the tractography based target
sites to the intra-operatively determined optimal stimulation site
(Avecillas-Chasin et al., 2015; Coenen et al., 2016) or to compare
the imaging based targets to boundaries based on the evaluation
of histological samples, which are typically accepted as ground
truth for neurosurgical target volumes.
The purpose of our pilot study was to evaluate the
technical feasibility of DTI based probabilistic tractography
for localizing target areas that are commonly used during
functional neurosurgery. Three targets were selected for this
evaluation based either on their importance as a primary
location targeted for the alleviation of the symptoms of
movement disorders (Vim or VLpv nucleus), or as a putative
white matter target for ablative therapy (cerebello-thalamic or
dentate-rubro-thalamic tract), and lastly, a possible “no-go”
area to avoid adverse effects during deep brain stimulation or
ablative therapy (VPL nucleus with somatosensory connections).
We aimed to test the feasibility of tractography using the
following criteria. First, to demonstrate the correspondence to
the histologically defined anatomical structures for the targets
that have digitized 3D atlas data (VLpv and VPL nucleus of
the thalamus) in common neuroimaging space. Secondly, since
various aspects of reproducibility represent a predictor of the
expected accuracy of targeting during neurosurgery, we set
out to quantify the reproducibility of tractography from the
observed variability in target position across subjects and the
corresponding reproducibility within a subject but on different
MRI scanners.
MATERIALS AND METHODS
Study Population and Image Acquisition
Four volunteers with no neurological disorders participated in
the study, and for each subject (ages: 28, 37, 40, and 52 years,
gender: three males and one female) repeated scans were acquired
on clinical MRI scanners of different manufacturers resulting in
10 different acquisitions. Diffusion weighted magnetic resonance
imaging (DWI) sessions were carried out on three different 3.0T
MRI systems: Siemens Skyra (Siemens Healthcare, Erlangen,
Germany), GE Discovery MR750 (GE Healthcare, Milwaukee,
WI, USA) and Phillips Ingenia (Phillips Healthcare, Best, The
Netherlands), using spin echo echo-planar imaging sequences.
The DWI acquisition details are summarized in Table 1. We
will further refer to the scanners as Scanners 1, 2, and 3, not
respecting the order of manufacturers in any depictions or
tables. Reconstructed images were stored in DICOM format and
were transferred to external workstations for image-processing.
TABLE 1 | Diffusion tensor imaging acquisition parameters used in the
study.
Scanner 1 Scanner 2 Scanner 3
Number of diffusion
weighting directions
32∗ 32∗ 32∗
Sequence type 2D EPI 2D EPI 2D EPI
B-factor 1000 1000 1000
Image matrix 128 ∗ 128,
1.875 ∗
1.875 mm
112 ∗ 112,
2 ∗ 2 mm
96 ∗ 96,
2 ∗ 2 mm
Slice spacing 4 mm 2 mm 3.6 mm
TE/TR 95/4300 ms 92/10242 ms 80/6000 ms
NEX 1 1 1
Flip angle 90 90 90
∗Protocol based on the study by Jones et al. (1999).
MRI scans were carried out with ethical approval and informed
consent was obtained for all subjects.
Image Processing
The following image processing steps were performed on the
DWI data: (1) estimating symmetric tensors in each voxel of
the diffusion data and using the tensor’s eigenvalues to calculate
secondary to generate DTI data, parametric maps, such as the
fractional anisotropy images, (2) spatial standardization of DWI
data to a standard neuroimaging template space, (3) estimation
of intra-voxel distribution of multiple fiber populations. We
carried out the DTI processing steps with the FMRIB Diffusion
Toolbox in the FSL software package (Jenkinson et al.,
2012). Fractional anisotropy images (maps characterizing the
directionality or “orderedness” of diffusion) were calculated
using an established approach described elsewhere (Basser and
Pierpaoli, 1996; Basser et al., 2000). We performed non-linear
spatial standardization to enable inter-subject comparison of
anatomy, and quantitative evaluations are reported in standard
neuroanatomical space throughout the manuscript. For each
subject, fractional anisotropy images were used to determine a
deformation field which transforms the images to a common
reference space, the FMRIB58 fractional anisotropy template
(identical to MNI-152 space), by means of the FNIRT non-
linear registration algorithm available in the FSL package. The
characterization of fiber distributions was carried out using a
Bayesian procedure (Behrens et al., 2003b) which searches for
two fiber populations in each image voxel in such a way that
the possible orientations of diffusion displacements best fit the
observed DWI data.
Mapping Connectivity-Based Targets
within the Thalamus
Following the methods reported in the literature (Behrens
et al., 2003a; Johansen-Berg et al., 2004, 2005; Klein et al.,
2010; O’Muircheartaigh et al., 2011; Pouratian et al., 2011),
thalamic connectivity-based subdivisions were defined by
running probabilistic tractography from the thalamus volume
to predefined cortical regions. Probabilistic fiber tracking was
performed in DTI space to avoid interpolation of data; only
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the seed masks and the results were transferred to the standard
space. The connection strength between each seed voxel and
every remote brain voxel in the target regions was estimated
as the probability of a tract reaching the target through a
trajectory guided by the model of local diffusion characteristics.
For each thalamic voxel, a counter variable increased when
the emitted tracing samples entered any of the cortical masks,
consequently resulting in back-projected connectivity probability
maps corresponding to cortical territories delineated by using
the Harvard-Oxford Atlas (Desikan et al., 2006). For each image
voxel in standard space, 5000 tracing samples were used; loops
and recursions were not allowed during fiber tracking. The
images were divided by the total number of tracing particles that
reached their destination (=“waytotal” count).
Based on post mortem neuroanatomical data and previous
in vivo studies on the cortico-thalamic system (Kievit and
Kuypers, 1977; Yeterian and Pandya, 1988; Behrens et al., 2003a;
Gallay et al., 2008), we considered the following cortical targets
to best determine the connectivity-based subdivisions within the
lateral thalamus. For fiber tracking, it was necessary to define a
seed and remote target region. Since the VLpv or Vim nucleus is
known to project to primary motor and premotor regions and
also to the cerebellum (Hyam et al., 2012), the seed region was
defined as the entire thalamus volume and the target regions
were determined in two steps. First, the precentral gyrus in the
Harvard-Oxford Atlas was selected as the target for mapping the
thalamocortical connectivity of the primary motor cortex. Then,
the targets were extended to include the interconnections of the
VLpv nucleus, such that the remote tractography targets included
the entire cerebellar volume, supplementary motor cortex and
primary motor cortex (precentral gyrus) in the relevant standard
atlases (Desikan et al., 2006). The VPLa and VPLp nuclei are
known to be connected to somatosensory cortical areas and
therefore the remote target was defined by using the postcentral
gyrus volume in the Harvard-Oxford Atlas.
Anatomical Landmarks: Definition Using
a Statistical Shape Model Based 3D
Atlas of the Human Thalamus
Throughout the manuscript the nomenclature and anatomical
definitions for the nuclei of the thalamus are based on the
descriptions of Morel et al. (1997). Our study exploits the
results of a recent study, which constructed a digitized 3D
mean atlas using the histologically derived thalamic nucleus
volumes by Morel et al. (1997), Niemann et al. (2000), and
Krauth et al. (2010). Based on this atlas and the non-linear
alignment described in a previous work (Jakab et al., 2012),
high-resolution meshes of the thalamic nuclei were transformed
to the standard MNI152 space. The individual nuclei volumes
from the atlas were then re-sampled to an isotropic 1 mm
image grid and image labels were constructed from the meshes.
The transformation was based on a statistical shape model
procedure (Blanc et al., 2009; Jakab et al., 2012), in which the
predictor of intra-thalamic geometry was the thalamus outline,
as derived from the manual segmentation of the thalamus in the
T1-weighted image template in MNI space. While the original
shape model atlas was constructed from seven histologically
defined samples and hence incorporates population variability,
for our study, the mean 3D volume of this dataset was used. The
following structures were used from the atlas: VLpv: ventro-lateral
nucleus posteroventral part (analogous to the Vim nucleus),
VPLp: ventral-posterolateral nucleus posterior part and the
whole-thalamus volume for visualization purposes. The MNI-
transformed thalamus atlas and the atlas based targets used in our
study are illustrated in Supplementary Figure S1. For illustration
purposes, we used the histology based reconstructions provided
by the Big Brain Atlas. This representation was based on the
optically balanced non-linear matching of histological sections to
a standard neuroimaging space (Amunts et al., 2013).
Tracking the Cerebello-Thalamic Tract
Probabilistic fiber tracking by means of Probtrackx in the FSL
software was used to map the CTT in the study population
using identical tracking settings to those utilized for the thalamus
connectivity maps. Our method was based on the description by
Kwon et al. (2011) who reported initial results on the feasibility
of DTI in reconstructing this fiber pathway. Using a cerebellar
atlas in standard neuroimaging space (Diedrichsen et al., 2009),
the seed region to initiate the tractography was the dentate
nucleus contralateral to the thalamus, while the final target was
the entire thalamus volume. Fibers were kept if they passed
through the following way-point targets in the given order:
first, the contralateral superior cerebellar peduncle and then the
ipsilateral red nucleus region dilated by four voxels. Regions
used for reconstructing the tract are depicted in Supplementary
Figure S2.
Quantitative Evaluations
Since the calculated connectivity-based targets (CBT) were
extracted from probabilistic maps, their borders must be defined
using arbitrary probability thresholds. The threshold choice will
inherently affect the size of the target volume and its overlap
percentage with the atlas based nuclei, e.g., a lower connectivity
threshold will result in higher overlap between subjects, but the
volume will be less specific to the targeted anatomical location.
To achieve identical criteria for the threshold ranges across the
study subjects, we used a range of percentile values of all non-
zero voxel intensities to cut-off the connectivity values from
the 50th to the 100th percentile, thereby selecting the voxels
with the highest probability of connection to the cortical target
regions. In practice, 50th percentile threshold meant that a large
volume of the CBT is kept including regions of low probability
of being interconnected to the relevant cortical region, while a
100th percentile threshold corresponded to the point which had
the largest probability of connection to its target. All overlap
and distance metrics were iteratively determined over this entire
range of values. The dependency of the overlap with anatomical
landmarks and the reproducibility was tested by using the
following quantitative metrics:
1. Euclidian distance (mm) between the center-of-gravity (mid-
point) point of the CBT and the relevant atlas targets.
The coordinates for the center-of-gravity points of the
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thresholded connectivity maps and the atlas targets were
calculated using the fslstats tool in the FSL software package.
2. Volumetric overlap between the CBT and atlas targets,
determined by the Dice overlap (0–1), The Dice overlap
coefficient D was defined as:
D = 2|X ∩ Y||X| + |Y|
where X and Y are the two volume sets to be compared.
The first metric assumes that we use point-like targets,
either determined by connectivity or a 3D atlas model, the
latter assumes that the targets consist of volumetric label maps
relevant for surgical localization. Quantitative evaluations of
the connectivity maps and 3D voxelised atlas volumes and
the visualizations were carried out with Matlab R2010a for
Windows (The Mathworks Inc., Nattick, MA, USA) using in-
house developed algorithms.
RESULTS
Correspondence of Thalamic
Connectivity-Based Subdivisions to
Atlas-Based Landmarks
The center-of-gravity points of the connectivity maps were
located inside the atlas based targets in all cases and all
scans. Center-of-gravity points are organized according to
somatotopy along the lateral border of the thalamus, such that
the connections to precentral gyrus are more anterior than the
postcentral gyrus connections. In the present study, we described
the correspondence of the VLpv nucleus to two CBTs: the CBT
using the precentral gyrus as target (“precentral connections”)
and the CBT using a more extended a priori target list of the VLpv
nucleus (“VLpv connections”).
While there was a good agreement of the volumes along the
antero-posterior axis of the most lateral parts of the thalamus,
the connectivity patterns did not overlap with the medial parts of
the VLpv or VPL nucleus, and only partially overlap with more
medially located thalamic nuclei with known motor connectivity,
such as the centro-median (CM) nucleus. In the midline, the
VLpv was oriented more anteriorly, while the CBT defined this
nucleus differently: the connectivity-based segment appeared
wedge-shaped (Figures 1 and 2), with the tip oriented toward the
center of the thalamus.
The mid-point distances between CBT and the anatomical
target for the VLpv nucleus were lowest on the population
level when the connectivity maps were thresholded at the 65–
70th percentile (left side) and between the 80th and 90th
percentile (right side), and remained below 2.5 mm if the
threshold was set to lower than the 85th percentile on the left
side and 92nd percentile on the right side (Figure 1D). The
VLpv nucleus overlapped modestly with the CBT, demonstrating
greater overlap in the lateral thalamus regions (Figure 1C).
While the lateral segments were correctly matched visually to the
VLpv nucleus, the maximum value of the Dice coefficient was
modest, median D = 0.32 (right side, threshold: 87th percentile)
and median D = 0.30 (left side, threshold: 90th percentile).
While the calculations were carried out in MNI152 standard
and symmetrical template space, and the thalamic seed volumes
were also symmetric, we noted an apparent left–right difference
between the CBT volumes (Figures 1A,B). Regarding other
nuclei that showed minimal overlap with the CBT of the VLpv:
the CM nucleus showed no consistent overlap with the CBT
volume (neither using VLpv, nor the precentral targets), and only
moderate overlap was observed in the most medial regions of the
CBTs.
The precentral connections also showed moderate overlap
with the atlas based VLpv volume (Figure 2): the CBT calculated
using a single precentral target region overlapped slightly more
with the atlas target compared to the CBT defined with additional
(cerebellar, supplementary motor and primary motor) targets,
and no interhemispheric asymmetry was observed (Figure 2B).
Using a threshold at the 89th percentile (left side) and 88th
percentile (right side), a median Dice overlap of 0.34 and 0.31
was measured on the left and right sides, respectively (Figure 2C).
The pointwise distances from the atlas based targets were in the
range of 2.2–3 mm in the connectivity range between the 70th
and 86th percentiles (Figure 2D).
In comparison with the previous two targets, the overlap
between the postcentral gyrus connections and the atlas based
VPLp (and VPLa) was larger (Figure 3). The mid-point distances
between CBT and anatomical target for the VPL nucleus were
lowest on the population level when the connectivity maps were
thresholded at the 90th percentile, with median distances of
2.1 mm for the left and 2.4 mm for the right side (Figure 3C).
The volumetric overlap between the CBT and the ABT for the
VPL nucleus was generally higher than in the other examined
thalamic nuclei. Consistent with results from the other nuclei, the
maximum overlap was achieved by thresholding around the 90th
percentile of the connectivity values (Figure 3D).
Selecting the Optimal Connectivity
Threshold for Connectivity-Based Targets
Our results suggest that while the agreement with the atlas
targets is higher if the connectivity threshold is increased (for
example, a maximum is seen in Figure 3C at the 90th percentile
threshold), the inter-subject reproducibility was decreased at
larger connectivity thresholds. Therefore, it was necessary to
determine a consensual cut-off value which represents a trade-
off between the two feasibility metrics. First, we investigated the
effect of connectivity probability thresholding on the expected
reproducibility of CBT maps. The lower the connectivity
threshold, the higher the inter-subject overlap (Figure 4A). This
means, however, that the CBTs become less specific for the
given neurosurgical target: as the connectivity threshold values
converge to zero, almost the entire thalamus is included as a
potential target volume, which is anatomically incorrect. In order
to find the optimal connectivity-based threshold, representing
a compromise between larger inter-subject reproducibility and
larger overlap with the atlas target, we multiplied the two overlap
metrics and located the maximum value of this combined metric
(Figure 4). To provide a consensual value, we multiplied the
median values of population-overlaps and the median values of
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FIGURE 1 | Comparison of atlas and CBTs of the VLpv nucleus. (A) Cross-sectional image derived from histological sections, in standard space (Big Brain
Atlas, Amunts et al., 2013) with VLpv overlaid (red outlines) and the CBT (green color scale); (B) 3D visualization of the CBT and atlas targets: connectivity-based
targets were visualized in green color with different opacities reflecting to the summed probability across the study population (50–95th percentile range) while the
VLpv was depicted in red 3D mesh; (C) Euclidian distance of the center-of-gravity of the CBT to the atlas based target: dependency on the applied threshold values;
(D) volumetric overlap with atlas based targets: dependency on the applied threshold.
the correspondence to the anatomical atlas. In a similar manner
as for the overlap with the anatomical target (Figure 4B), the
consensus metric also had a maximum, which was used to
determine the optimal cut-off value (Figure 4C).
The optimal connectivity threshold values were the following.
VLpv left: 80th percentile; VLpv right: 76th percentile; precentral
CBT left: 90th percentile; precentral CBT right: 84th percentile;
postcentral CBT left: 89th percentile; postcentral CBT right:
89th percentile. Throughout the study, these optimized cut-
off values are used for visualization and further evaluation of
reproducibility.
Reconstruction of the
Cerebello-Thalamic Tract:
Tractography-Based Anatomy
The CTT was reconstructed for each of the 10 datasets
of the four participants. The typical trajectory of the DTI
based reconstruction was the following. The tract emerged
from the ipsilateral dentate nucleus, crossed to the opposite
hemisphere at the level of superior cerebellar peduncle, and
then passes medially and across the red nucleus. Cross-sectional
images with annotations of the thalamic nuclei and major
anatomical landmarks are shown in Figure 5A. The intra-
thalamic terminations of the CTT overlapped with the VLpv
nucleus, but due to the technical limitations of DTI tractography,
the CTT fibers appeared outside the thalamus and subthalamus,
and continued to a diverse set of supratentorial areas. In order
to provide plausible visualizations of the tract, we limited the
field of view to the subthalamus and thalamus. A notable left–
right asymmetry was detected on the population level, in which
the right CTT (originating from left cerebellum) was found to
be more strongly connected to its pathway targets. Compared
to the intra-thalamic targets, the CTT reconstruction showed
significantly larger variability across the population. In some
cases, the pathway was split and alternative routes were taken,
possibly due to errors in the estimation of crossing fibers. In some
cases, zero or a very low inter-subject overlap was reported using
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FIGURE 2 | Comparison of atlas based VLpv nucleus and CBT using precentral gyrus connections. (A) Cross-sectional image derived from histological
sections, in standard space (Big Brain Atlas, Amunts et al., 2013) with VLpv overlaid (red outlines) and the CBT from the precentral gyrus (green color scale); (B) 3D
visualization of the CBT and atlas targets: connectivity-based targets were visualized in green color with different opacities reflecting to the summed probability
across the study population (50–95th percentile range) while the VLpv was depicted in red 3D mesh; (C) Euclidian distance of the center-of-gravity of the CBT to the
atlas based target: dependency on the applied threshold values; (D) volumetric overlap with atlas based targets: dependency on the applied threshold.
the 95th percentile of connectivity values, possibly due to splitting
of the pathway into alternative routes, or due to the diminished
sensitivity of locating the fibers at a single connectivity threshold.
As observed for the intra-thalamic CBTs, the inter-scanner
variability was similar to the inter-subject variability (Table 2).
Reproducibility of Connectivity-Based
Targets
While the pre- and postcentral gyrus CBT were largely
reproducible across different scanners (Figures 6A,B,E,F), the
VLpv CBT showed considerable variability (Figures 6C,D),
as well as a larger volume and a modest interhemispheric
asymmetry. We investigated the inter-scanner reproducibility of
the CBT structures by comparing both the volumetric overlaps
and the center-point distances. The maximum of the volumetric
overlap was observed at similar connectivity percentiles as in
the previous experiments; however, the center-point distances
measured showed considerable differences between scanners of
different vendors. The results obtained from Scanner 1 were
found to match better the center-points of the ABTs, and the
minimum Euclidean distances were below 2 mm when the CBT
was thresholded at the 75th percentile. A similar effect was
not observed using the data from the other two scanners. The
volumetric overlaps for each of the 3 CBTs showed similar curves
with maximum peaks at 90–95th percentiles. As summarized
in Table 2, the overlap between CBTs across all subjects and
scans was between 58 and 69% for the thalamic targets. When
decoupling the variability into inter-subject within-scanner and
intra-subject inter-scanner variability, we observed that for most
of the structures, the inter-subject overlap was similar to the
inter-scanner variability. Only in the case of the postcentral
gyrus connections were the inter-scanner variability significantly
higher (Table 2), meaning that the vendor type (Scanners 1–3)
caused more variability than the anatomical differences between
individuals after non-linear standardization.
While the thalamic CBTs were defined by setting a cut-off
value of connection probability based on the optimization step
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FIGURE 3 | Comparison of atlas based VPLp nucleus and CBT using postcentral gyrus connections. (A) Cross-sectional image derived from histological
sections, in standard space (Big Brain Atlas, Amunts et al., 2013) with VPLp overlaid (red outlines) and the CBT from the postcentral gyrus (green color scale); (B) 3D
visualization of the CBT and atlas targets: connectivity-based targets were visualized in green color with different opacities reflecting to the summed probability
across the study population (50–95th percentile range) while the VPLp was depicted in red 3D mesh; (C) Euclidian distance of the center-of-gravity of the CBT to the
atlas based target: dependency on the applied threshold values; (D) volumetric overlap with atlas based targets: dependency on the applied threshold.
described above, we were not able to perform this optimization
step for the CTT due to its specific shape and configuration.
Since the CTT showed less variability in the sub-thalamic region,
we decided to calculate the variability measures after restricting
the volume of the tract to a 40 mm subvolume symmetrically
around the AC-PC plane, which is most commonly used for
neurosurgical targeting (20 mm ventral and 20 mm dorsal). After
limiting to this volume and setting the connectivity value to the
top 90th percentile of connections, a low overlap was observed for
the CTT (Table 2). The CTT was significantly more reproducible
across subjects on the right side (D = 37.4%) than on the
left (20.7%), and the left CTT showed a similar phenomenon
to the intrathalamic targets in that the inter-scanner variability
exceeded the inter-subject variability.
DISCUSSION
The use of DTI based tractography of thalamocortical
connections and the CTT for visualization of neurosurgical
targets must be preceded by validation efforts that evaluate the
technical feasibility in the clinical setting. By reconstructing
various subdivisions of the thalamus in volunteers, we were
able to quantify the overlap and pointwise distances to atlas-
based anatomical targets. A particularly challenging aspect is
to capture the population variability and scanner dependency
of such reconstructions, and to the best of our knowledge,
no previous study has tested the scanner dependency of
these neurosurgically relevant thalamic and subthalamic
structures. During this step, we optimized threshold values
that delineated the connectivity based intrathalamic maps to
obtain a volume: while the population variability was lower
when lower thresholds were applied, the correspondence
to the anatomical target was higher when applying higher
connection thresholds. This effect appeared to have a maximum
and therefore an optimal connection threshold could be
determined. The same procedure was not possible for the
CTT, as we do not have digitized 3D atlas data for this
structure.
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FIGURE 4 | Optimization of the connectivity threshold applied to connectivity based intrathalamic targets. (A) Inter-subject overlap as a function of the
applied connectivity threshold; (B) overlap with anatomical atlas as a function of the applied connectivity threshold; (C) determining the population-level optimal
threshold value as a maximum point of the function.
Functional Neurosurgical Targets in the
Thalamus: Feasibility of the Tractography
Based Approach
For reconstructing the fiber pathways that are interconnected
with the thalamus, we chose to use probabilistic diffusion
tractography. The first reports have confirmed that this technique
is capable of resolving the complex within-voxel orientations of
fibers within the gray-matter rich thalamus (Behrens et al., 2003a;
Johansen-Berg et al., 2005), and that probabilistic tractography
yields major advantages over deterministic approaches despite
the much higher computational load (Descoteaux et al., 2009).
For example, when estimating the orientation density function
(i.e., the distribution of possible fiber direction within an image
pixel), the deterministic approach only takes the most probable
diffusion orientation, while the probabilistic framework models
more complex fiber geometries, such as fanning, crossing or
splaying. On the other hand, probabilistic tractography suffers
from connectivity values that decrease with the distance from the
initial seed point due to the fanning of fiber bundles (Descoteaux
et al., 2009).
The reported overlap of the atlas volumes and the CBTs
inside the thalamus was consistently lower than 50%, which
can be explained by the known anatomical structure of the
thalamus: while the lateral, especially ventrolateral parts of the
thalamus have point-to-point interconnections with the cortex,
the more medial zones have diffuse connectivity, such as the
CM or centrolateral nucleus (Kievit and Kuypers, 1977; Morel
et al., 1997). It is likely that diffusion based techniques are only
able to resolve the anisotropically organized axons within the
thalamus, which do not form well circumscribed subdomains,
but rather show a gradient of connections on the antero-
posterior axis. These anisotropic structures mix with the afferent
fibers of the thalamus, which are located more ventrally. This
error presumably also stemmed from the fact that diffusion
tractography cannot distinguish between afferent and efferent
connectivity and hence the projections of the thalamus in the
two directions (i.e., the cortex and spinal cord) cannot be
separated. Compared to the connectivity based volumes, the VLpv
nucleus appears larger and extends more dorsomedially in the
reconstruction in Figures 1 and 2. However, it has been shown by
microelectrode recordings in tremor that the associated rhythmic
burst was found in a restricted area of the ventrointermedius
nucleus, and only the lateral and ventrocaudal part of each
nucleus, which was defined as the kinesthetic zone, was involved
(Ohye et al., 1993).
Our results indicate that the Euclidian distance to the
centerpoint of the atlas volume can be kept below 2.5 mm
by applying optimized threshold values. This distance was
considerably larger than the reported distances to experimentally
defined target locations during surgery; for example, Pouratian
et al. (2011) found DTI derived connections to be 0.36 mm
away from the optimal stimulation sites. It is likely, however,
that the centerpoints of the atlas based targets do not represent
the optimal stimulation sites and therefore our results may
underestimate the accuracy obtained with tractography. The
localization of effective tremor treatment sites, therefore, might
be better reflected in the thalamocortical connectivity patterns
than the exact borders of the cytoarchitecturally determined
areas. This is also supported by studies that compared the
adjacency of the target site to reconstructed fibers (Owen et al.,
2008; Coenen et al., 2011b; Hunsche et al., 2013; Torres et al.,
2014), and by studies that evaluated the network emerging from
the stimulation sites (Klein et al., 2012).
In most previous studies, the CBTs were defined using a single
target region of interest within the cortex, although there is
experimental support from imaging studies that the Vim or VLpv
nucleus has dominant connections beyond those of the primary
motor cortex. For example, Hyam et al. (2012) showed that the
Vim has high connection densities to the cerebellum, as well as to
Frontiers in Neuroanatomy | www.frontiersin.org 9 July 2016 | Volume 10 | Article 76
fnana-10-00076 July 8, 2016 Time: 11:46 # 10
Jakab et al. Connectivity Based Neurosurgical Targeting
FIGURE 5 | Reconstruction of the CTT with diffusion tractography. (A) population-averaged connectivity map (yellow-red color) overlaid onto a cross-sectional
image (T1-weighted MRI). Slice levels are relative to the AC-PC plane, and three major anatomical landmarks have been annotated, ac, anterior commissure, mcl,
mid-commissural line, pc, posterior commissure. (B) 3D visualization of the population-averaged CTT. Different opacities correspond to the population probability
from 50th percentile to 90th percentile.
the premotor and dorsolateral prefrontal cortex. This observation
motivated us to use a more extended list of targets when back-
projecting the connections into the thalamus: namely, in addition
to the precentral gyrus, the cerebellum and premotor region
were added. We observed that these additional target regions
did decrease the center-point distance to the atlas-based target
(Figure 1), but did not increase the overall reproducibility of the
CBT. Furthermore, we observed interhemispheric asymmetry in
the VLpv CBT reconstruction, which was not the case when using
only the precentral gyrus as remote connection target.
While a general good inter-patient reproducibility was found
for the thalamic connectivity-based segmentations (Traynor
et al., 2010; O’Muircheartaigh et al., 2011), especially for
the lateral thalamus, little information is known about the
dependency of scanner and sequence parameters. Interestingly,
our study revealed that small differences in sequence settings
and vendor-specific, underlying MR technology can contribute
significant variability to the observed connectivity structure. In
fact, the variability caused by scanner differences appeared to
be similar or larger than the inter-subject variability within
one scanner (precentral connections: 57–60% overlap between
repeated scans on different scanners, 63-65% overlap between
subjects on the same scanners, see Table 2). The non-linear
matching used to normalize images to MNI space should
reduce the inter-subject variability, but the uncertainty of the
registration algorithm cannot be separated easily from the other
apparent sources of variability, and significant inter-scanner
variability remained even after normalization. The exact source
of this inter-scanner variability is unknown, but may arise
from a number of different hardware and software factors.
Frontiers in Neuroanatomy | www.frontiersin.org 10 July 2016 | Volume 10 | Article 76
fnana-10-00076 July 8, 2016 Time: 11:46 # 11
Jakab et al. Connectivity Based Neurosurgical Targeting
FIGURE 6 | Inter-scanner reproducibility of connectivity based intrathalamic targets. (A) 3D visualization of the inter-scanner variability of precentral CBT
over the study population; (C) 3D visualization of the inter-scanner variability of VLpv CBT over the study population; (E) 3D visualization of the inter-scanner
variability of VPLp CBT over the study population; (B) dependency of the inter-scanner variability of the precentral CBT volume on the applied connectivity threshold;
(D) dependency of the inter-scanner variability of the VLpv CBT volume on the applied connectivity threshold; (F) dependency of the inter-scanner variability of the
VPLp CBT volume on the applied connectivity threshold.
While some vendors use a spectrospatial (water excitation)
pulse for fat suppression, others use fat saturation methods,
resulting in different limitations on the minimum slice thickness
allowed. Differences in these excitation pulses, coupled with
differences in gradient design, geometric distortion, and the
use of wide vs. narrow bore systems may contribute to the
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TABLE 2 | Reproducibility measures of the CBTs: inter-subject and inter-scanner variability.
Thalamic
nucleus, CBT
Within-subject,
inter-scanner overlap (Dice,
mean ± SD)
Inter-subject,
within-scanner overlap
(Dice, mean ± SD)
Difference between
inter-scanner and inter-subject
variability (p-value)
Overall overlap
(Dice, mean ± SD)
Left VLpv-proper 0.651 ± 0.112 0.720 ± 0.123 p = 0.195 0.662 ± 0.129
Right VLpv-proper 0.703 ± 0.065 0.712 ± 0.095 p = 0.806 0693 ± 0.084
Left VLpv-precentral 0.567 ± 0.141 0.631 ± 0.069 p = 0.235 0.580 ± 0.119
Right
VLpv-precentral
0.603 ± 0.082 0.651 ± 0.087 p = 0.209 0.587 ± 0.121
Left
VPLp-postcentral
0.745 ± 0.059 0.583 ± 0.159 p = 0.0166∗ 0.637 ± 0.136
Right
VPLp-postcentral
0.429 ± 0.103 0.331 ± 0.09 p = 0.0325∗ 0.641 ± 0.109
Left CTT 0.263 ± 0.369 0.213 ± 0.223 p = 0.728 0.239 ± 0.253
Right CTT 0.240 ± 0.364 0.328 ± 0.358 p = 0.586 0.261 ± 0.296
∗Significant result, p ≤ 0.05.
observed inter-scanner variability, but future studies would
be needed to elucidate further the sources of this observed
variability. This inter-scanner variability further underscores the
sensitivity of DTI and connectivity derived measures to sequence
parameters and hardware parameters (Pfefferbaum et al., 2003;
Takao et al., 2011, 2012; Bonilha et al., 2015; Kuhn et al.,
2015).
Targeting the Cerebello-Thalamic Tract
Using Tractography
Using the seed and target list known from the literature (Kwon
et al., 2011), we were able to reconstruct the 3D trajectory
of the CTT (Figure 5) using current standard clinical DTI
protocols. The trajectory is similar to what we know about
the anatomy of this tract, especially in the subthalamic region:
after crossing to the contralateral hemisphere, the tract projects
into the thalamus by passing near the red nucleus and sending
collaterals to it, and the tract is generally located posterior
to the mid-commissural line around the AC-PC plane (Gallay
et al., 2008; Kwon et al., 2011). This observation is in line
with observations from studies that aimed to reconstruct the
dentate-rubro-thalamic connections in clinical datasets. We were
unable to compare the CTT volume to atlas derived data,
and to the best of our knowledge, no such studies have yet
been performed, although many authors aimed to correlate
the effective treatment site location to the reconstructed DTI-
based target. For example, Coenen and colleagues showed the
feasibility of the CTT mapping in tremor alleviation in case
reports (Coenen et al., 2011a,b), and in a group of 11 patients
(Coenen et al., 2014). In their study, effective contacts were
located in proximity to the DRT; in moderate tremor reduction,
the target fields were centered on its anterior border while in good
and excellent tremor reduction, the target fields focused on its
center. While Schlaier et al. (2015) were able to reconstruct the
CTT in 90% of their subjects, they concluded that contacts closer
to the tract did not provide better clinical effects than distant
contacts. In our study, a low reproducibility was found for the
tract, even after limiting the field of interest to a limited supero-
inferior range near the AC-PC plane. This further highlights
the challenge of using routine clinical DTI scans to reconstruct
this tract, and indicates that further tests of reproducibility and
sequence dependency are needed. We assume that by using
high angular imaging, the complex white matter anatomy of the
subthalamic region can better be reconstructed.
Study Limitations
Our study is limited by the small number of volunteers for whom
we were able to acquire repeated DTI scans. This particularly
limits our capability to test inter-subject variability and to
decouple the variability caused by anatomical differences from
the repeatability of imaging, uncertainty of fiber tracking and
errors of image co-registration.
A major limitation in our study is the lack of ground truth
information on thalamic fibers and the lack of population-wide
histology-based atlases of white matter structures. This limits
the generalisability of our validation: although we used a shape
model that incorporated variability (Krauth et al., 2010; Jakab
et al., 2012), it remains questionable if the mean volume in
standard neuroimaging space is acceptable as a reference. It
is particularly challenging to relate the diffusion tractography
based structures to histological atlas. To achieve this goal,
pre- or post mortem diffusion imaging with feasible image
quality is needed, ideally with manual delineation of stained
sections and a histological work-up identical to those in the
classical atlases. Therefore, despite the technical feasibility of
the tractography method, the present results do not encourage
any changes to current practice in functional neurosurgery,
rather they indicate that more comparative studies between MR
and gold-standard anatomical or histopathalogical imaging are
required.
While our study aimed to evaluate clinically feasible imaging
protocols, such as the widely used 32-direction DTI, we assume
that higher angular resolution diffusion datasets will reduce
the variability associated with imaging, and will also allow us
to resolve the challenging fiber anatomy of the thalamic and
subthalamic region more accurately. For this, more sophisticated
diffusion models and the resolution of multiple crossing fiber
populations are necessary (Behrens et al., 2007).
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Our study is further limited by its exploratory nature, and
specifically the small participant group size. The widespread
usage of probabilistic diffusion tractography for defining intra-
thalamic and cerebello-thalamic targets must be preceded by
large, preferably multi-centric validation efforts that test the
technique during interventions and compare the results to
those of the standard target localization methods. Furthermore,
the inter-surgeon variability should also be evaluated, which
can be a critical point when applying localization approaches
that rely heavily on image processing with complex parameter
settings.
CONCLUSION
In this pilot study, we demonstrated the reproducibility of
DTI based tractography to map targets with relevance to
preoperative planning. The accuracy with regard to the center-
points of atlas-based targets was around 2.5 mm, and a
relatively low volumetric overlap of 35–40% was observed. We
conclude that the connectivity based subdivisions can only
predict the lateral and ventral segments of the Vim or VLpv
nucleus and the postcentral connections emerging from the VPL
nucleus. The applicability of connectivity-based segmentation
methods with the current clinical sequence parameters is further
limited by large scanner-to-scanner variability of the CBTs.
Further investigations using higher angular resolution DTI
are needed to elucidate the sources of this variability and to
assess the precise contribution of subject-to-subject anatomical
variability.
AUTHOR CONTRIBUTION
AJ, BW, EM, JT, TY, GS, and RT designed the study. AJ has
written the manuscript, performed the analysis and created
figures. KK has performed the analysis and contributed to
the manuscript. RT has acquired data and contributed to
the manuscript. EM has written the manuscript and provided
expert consultation. MP has acquired data and provided expert
consultation. All authors have read and edited the manuscript.
ACKNOWLEDGMENTS
AJ is supported by the European Union FP7 Marie Curie
IEF Research grant FABRIC – , exploring the “Formation and
Adaptation of the Brain Connectome,” grant no. 2012-PIEF-
GA-33003. This project was also supported from a UCL/ZNZ
Collaboration grant, awarded to RT and TY.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnana.
2016.00076
FIGURE S1 | The statistical shape model based atlas of the human
thalamus used in our study.
FIGURE S2 | Reconstruction of the CTT using diffusion tractography. 3D
visualization of the seed and waypoint target regions used during fiber tracking.
REFERENCES
Amami, P., Dekker, I., Piacentini, S., Ferre, F., Romito, L. M., Franzini, A.,
et al. (2015). Impulse control behaviours in patients with parkinson’s disease
after subthalamic deep brain stimulation: de novo cases and 3-year follow-up.
J. Neurol. Neurosurg. Psychiatry 86, 562–564. doi: 10.1136/jnnp-2013-307214
Amunts, K., Lepage, C., Borgeat, L., Mohlberg, H., Dickscheid, T., Rousseau, M. E.,
et al. (2013). BigBrain: an ultrahigh-resolution 3D human brain model. Science
340, 1472–1475. doi: 10.1126/science.1235381
Anthofer, J., Steib, K., Fellner, C., Lange, M., Brawanski, A., and Schlaier, J.
(2014). The variability of atlas-based targets in relation to surrounding
major fibre tracts in thalamic deep brain stimulation. Acta Neurochir.
(Wien) 156, 1497–1504; discussion 1504. doi: 10.1007/s00701-014-
2103-z
Avecillas-Chasin, J. M., Alonso-Frech, F., Parras, O., Del Prado, N., and Barcia, J. A.
(2015). Assessment of a method to determine deep brain stimulation targets
using deterministic tractography in a navigation system. Neurosurg. Rev. 38,
739–750; discussion 751. doi: 10.1007/s10143-015-0643-1
Avecillas-Chasin, J. M., Rascon-Ramirez, F., and Barcia, J. A. (2016).
Tractographical model of the cortico-basal ganglia and corticothalamic
connections: improving our understanding of deep brain stimulation. Clin.
Anat. 29, 481–492. doi: 10.1002/ca.22689
Baizabal-Carvallo, J. F., and Jankovic, J. (2016). Movement disorders induced
by deep brain stimulation. Parkinsonism Relat. Disord. 25, 1–9. doi:
10.1016/j.parkreldis.2016.01.014
Baizabal-Carvallo, J. F., Kagnoff, M. N., Jimenez-Shahed, J., Fekete, R., and
Jankovic, J. (2014). The safety and efficacy of thalamic deep brain stimulation
in essential tremor: 10 years and beyond. J. Neurol. Neurosurg. Psychiatry 85,
567–572. doi: 10.1136/jnnp-2013-304943
Basser, P. J., Pajevic, S., Pierpaoli, C., Duda, J., and Aldroubi, A. (2000). In vivo
fiber tractography using DT-MRI data. Magn. Reson. Med. 44, 625–632. doi:
10.1002/1522-2594(200010)44:4<625::AID-MRM17>3.0.CO;2-O
Basser, P. J., and Pierpaoli, C. (1996). Microstructural and physiological features of
tissues elucidated by quantitative-diffusion-tensor MRI. J. Magn. Reson. Ser. B
111, 209–219. doi: 10.1006/jmrb.1996.0086
Behrens, T. E. J., Berg, H. J., Jbabdi, S., Rushworth, M. F. S., and
Woolrich, M. W. (2007). Probabilistic diffusion tractography with multiple
fibre orientations: what can we gain? Neuroimage 34, 144–155. doi:
10.1016/j.neuroimage.2006.09.018
Behrens, T. E. J., Johansen-Berg, H., Woolrich, M. W., Smith, S. M., Wheeler-
Kingshott, C., Boulby, P. A., et al. (2003a). Non-invasive mapping of
connections between human thalamus and cortex using diffusion imaging. Nat.
Neurosci. 6, 750–757. doi: 10.1038/nn1075 r
Behrens, T. E. J., Woolrich, M. W., Jenkinson, M., Johansen-Berg, H., Nunes,
R. G., Clare, S., et al. (2003b). Characterization and propagation of uncertainty
in diffusion-weighted MR imaging. Magn. Reson. Med. 50, 1077–1088. doi:
10.1002/mrm.10609
Benabid, A. L., Pollak, P., Gao, D., Hoffmann, D., Limousin, P., Gay, E., et al.
(1996). Chronic electrical stimulation of the ventralis intermedius nucleus of
the thalamus as a treatment of movement disorders. J. Neurosurg. 84, 203–214.
doi: 10.3171/jns.1996.84.2.0203
Blanc, R., Reyes, M., Seiler, C., and Szekely, G. (2009). Conditional variability
of statistical shape models based on surrogate variables. Med. Image Comput.
Comput. Assist. Interv. 12, 84–91.
Bonilha, L., Gleichgerrcht, E., Fridriksson, J., Rorden, C., Breedlove, J. L.,
Nesland, T., et al. (2015). Reproducibility of the structural brain connectome
derived from diffusion tensor imaging. PLoS ONE 10:e0135247. doi:
10.1371/journal.pone.0135247
Frontiers in Neuroanatomy | www.frontiersin.org 13 July 2016 | Volume 10 | Article 76
fnana-10-00076 July 8, 2016 Time: 11:46 # 14
Jakab et al. Connectivity Based Neurosurgical Targeting
Butson, C. R., Cooper, S. E., Henderson, J. M., and McIntyre, C. C. (2006).
Predicting the effects of deep brain stimulation with diffusion tensor based
electric field models. Med. Image Comput. Comput. Assist. Interv. 9, 429–437.
Chopra, A., Tye, S. J., Lee, K. H., Sampson, S., Matsumoto, J., Adams, A.,
et al. (2012). Underlying neurobiology and clinical correlates of mania status
after subthalamic nucleus deep brain stimulation in parkinson’s disease: a
review of the literature. J. Neuropsychiatry Clin. Neurosci. 24, 102–110. doi:
10.1176/appi.neuropsych.10070109
Coenen, V. A., Allert, N., and Madler, B. (2011a). A role of diffusion tensor
imaging fiber tracking in deep brain stimulation surgery: DBS of the dentato-
rubro-thalamic tract (drt) for the treatment of therapy-refractory tremor. Acta
Neurochir. (Wien) 153, 1579–1585. doi: 10.1007/s00701-011-1036-z discussion
1585,
Coenen, V. A., Allert, N., Paus, S., Kronenburger, M., Urbach, H., and Madler, B.
(2014). Modulation of the cerebello-thalamo-cortical network in thalamic deep
brain stimulation for tremor: a diffusion tensor imaging study. Neurosurgery 75,
657–669. doi: 10.1227/NEU.0000000000000540 discussion 669–670,
Coenen, V. A., Jenkner, C., Honey, C. R., and Madler, B. (2016). Electrophysiologic
validation of diffusion tensor imaging tractography during deep brain
stimulation surgery. AJNR Am. J. Neuroradiol. doi: 10.3174/ajnr.A4753 [Epub
ahead of print]
Coenen, V. A., Madler, B., Schiffbauer, H., Urbach, H., and Allert, N. (2011b).
Individual fiber anatomy of the subthalamic region revealed with diffusion
tensor imaging: a concept to identify the deep brain stimulation target for
tremor suppression. Neurosurgery 68, 1069–1075; discussion 1075–1076. doi:
10.1227/NEU.0b013e31820a1a20
Descoteaux, M., Deriche, R., Knosche, T. R., and Anwander, A. (2009).
Deterministic and probabilistic tractography based on complex fibre
orientation distributions. IEEE Trans. Med. Imaging 28, 269–286. doi:
10.1109/TMI.2008.2004424
Desikan, R. S., Ségonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D.,
et al. (2006). An automated labeling system for subdividing the human cerebral
cortex on MRI scans into gyral based regions of interest. Neuroimage 31,
968–980. doi: 10.1016/j.neuroimage.2006.01.021
Diedrichsen, J., Balsters, J. H., Flavell, J., Cussans, E., and Ramnani, N. (2009).
A probabilistic MR atlas of the human cerebellum. Neuroimage 46, 39–46. doi:
10.1016/j.neuroimage.2009.01.045
Draganski, B., Kherif, F., Kloppel, S., Cook, P. A., Alexander, D. C., Parker,
G. J. M., et al. (2008). Evidence for segregated and integrative connectivity
patterns in the human basal ganglia. J. Neurosci. 28, 7143–7152. doi:
10.1523/JNEUROSCI.1486-08.2008
Gallay, M., Jeanmonod, D., Liu, J., and Morel, A. (2008). Human pallidothalamic
and cerebellothalamic tracts: anatomical basis for functional stereotactic
neurosurgery. Brain Struct. Funct. 212, 443–463. doi: 10.1007/s00429-007-
0170-0
Hariz, M. I. (2002). Safety and risk of microelectrode recording in surgery
for movement disorders. Stereotact. Funct. Neurosurg. 78, 146–157. doi:
10.1159/000068960
Hunsche, S., Sauner, D., Runge, M. J., Lenartz, D., El Majdoub, F., Treuer, H., et al.
(2013). Tractography-guided stimulation of somatosensory fibers for thalamic
pain relief. Stereotact. Funct. Neurosurg. 91, 328–334. doi: 10.1159/000350024
Hyam, J. A., Owen, S. L., Kringelbach, M. L., Jenkinson, N., Stein, J. F., Green,
A. L., et al. (2012). Contrasting connectivity of the ventralis intermedius
and ventralis oralis posterior nuclei of the motor thalamus demonstrated
by probabilistic tractography. Neurosurgery 70, 162–169; discussion 169. doi:
10.1227/NEU.0b013e3182262c9a
Jakab, A., Blanc, R., Berenyi, E. L., and Szekely, G. (2012). Generation of
individualized thalamus target maps by using statistical shape models and
thalamocortical tractography. AJNR Am. J. Neuroradiol. 33, 2110–2116. doi:
10.3174/ajnr.A3140
Jenkinson, M., Beckmann, C. F., Behrens, T. E., Woolrich, M. W., and Smith, S. M.
(2012). FSL. Neuroimage 62, 782–790. doi: 10.1016/j.neuroimage.2011.09.015
Johansen-Berg, H., Behrens, T. E., Sillery, E., Ciccarelli, O., Thompson, A. J., Smith,
S. M., et al. (2005). Functional-anatomical validation and individual variation
of diffusion tractography-based segmentation of the human thalamus. Cereb.
Cortex 15, 31–39. doi: 10.1093/cercor/bhh105
Johansen-Berg, H., Behrens, T. E. J., Robson, M. D., Drobnjak, I., Rushworth,
M. F. S., Brady, J. M., et al. (2004). Changes in connectivity profiles define
functionally distinct regions in human medial frontal cortex. Proc. Natl. Acad.
Sci. U.S.A. 101, 13335–13340. doi: 10.1073/pnas.0403743101
Jonasson, L., Hagmann, P., Pollo, C., Bresson, X., Richero Wilson, C., Meuli, R.,
et al. (2007). A level set method for segmentation of the thalamus and its nuclei
in DT-MRI. Signal Process. 87, 309–321. doi: 10.1016/j.sigpro.2005.12.017
Jones, D. K., Horsfield, M. A., and Simmons, A. (1999). Optimal
strategies for measuring diffusion in anisotropic systems by
magnetic resonance imaging. Magn. Reson. Med. 42, 515–525. doi:
10.1002/(SICI)1522-2594(199909)42:3<515::AID-MRM14>3.0.CO;2-Q
Kievit, J., and Kuypers, H. (1977). Organization of the thalamo-cortical connexions
to the frontal lobe in the rhesus monkey. Exp. Brain Res. 29, 299–322.
Klein, J. C., Barbe, M. T., Seifried, C., Baudrexel, S., Runge, M., Maarouf, M., et al.
(2012). The tremor network targeted by successful VIM deep brain stimulation
in humans. Neurology 78, 787–795. doi: 10.1212/WNL.0b013e318249f702
Klein, J. C., Rushworth, M. F. S., Behrens, T. E. J., Mackay, C. E., de Crespigny,
A. J., D’Arceuil, H., et al. (2010). Topography of connections between
human prefrontal cortex and mediodorsal thalamus studied with diffusion
tractography. Neuroimage 51, 555–564. doi: 10.1016/j.neuroimage.2010.02.062
Krauth, A., Blanc, R., Poveda, A., Jeanmonod, D., Morel, A., and Székely, G.
(2010). A mean three-dimensional atlas of the human thalamus:
generation from multiple histological data. Neuroimage 49, 2053–2062.
doi: 10.1016/j.neuroimage.2009.10.042
Kuhn, T., Gullett, J. M., Nguyen, P., Boutzoukas, A. E., Ford, A., Colon-Perez, L. M.,
et al. (2015). Test-retest reliability of high angular resolution diffusion imaging
acquisition within medial temporal lobe connections assessed via tract based
spatial statistics, probabilistic tractography and a novel graph theory metric.
Brain Imaging Behav. 10, 533–547. doi: 10.1007/s11682-015-9425-1
Kwon, H., Hong, J., Hong, C., Lee, D., Ahn, S., and Jang, S. (2011).
Dentatorubrothalamic tract in human brain: diffusion tensor tractography
study. Neuroradiology 53, 787–791. doi: 10.1007/s00234-011-0858-y
Lanotte, M. M., Rizzone, M., Bergamasco, B., Faccani, G., Melcarne, A.,
and Lopiano, L. (2002). Deep brain stimulation of the subthalamic
nucleus: anatomical, neurophysiological, and outcome correlations with the
effects of stimulation. J. Neurol. Neurosurg. Psychiatry 72, 53–58. doi:
10.1136/jnnp.72.1.53
Le Bihan, D., and Johansen-Berg, H. (2012). Diffusion MRI at 25: exploring
brain tissue structure and function. Neuroimage 61, 324–341. doi:
10.1016/j.neuroimage.2011.11.006
Lemaire, J., Coste, J., Ouchchane, L., Caire, F., Nuti, C., Derost, P., et al. (2007).
Brain mapping in stereotactic surgery: a brief overview from the probabilistic
targeting to the patient-based anatomic mapping. Neuroimage 37, S109–S115.
doi: 10.1016/j.neuroimage.2007.05.055
Lujan, J. L., Chaturvedi, A., Malone, D. A., Rezai, A. R., Machado, A. G.,
and McIntyre, C. C. (2012). Axonal pathways linked to therapeutic and
nontherapeutic outcomes during psychiatric deep brain stimulation. Hum.
Brain Mapp. 33, 958–968. doi: 10.1002/hbm.21262
Martin, E., Jeanmonod, D., Morel, A., Zadicario, E., and Werner, B. (2009). High-
intensity focused ultrasound for noninvasive functional neurosurgery. Ann.
Neurol. 66, 858–861. doi: 10.1002/ana.21801
Morel, A., Magnin, M., and Jeanmonod, D. (1997). Multiarchitectonic and
stereotactic atlas of the human thalamus. J. Comp. Neurol. 387, 588–630. doi:
10.1002/(SICI)1096-9861(19971103)387:4<588::AID-CNE8>3.0.CO;2-Z
Niemann, K., Mennicken, V. R., Jeanmonod, D., and Morel, A. (2000). The
morel stereotactic atlas of the human thalamus: Atlas-to-MR registration
of internally consistent canonical model. Neuroimage 12, 601–616. doi:
10.1006/nimg.2000.0650
Ohye, C. (2009). “Selective thalamotomy,” in Practical Handbook of Neurosurgery,
ed. M. Sindou (Vienna: Springer), 1310–1328.
Ohye, C., Shibazaki, T., Hirai, T., Kawashima, Y., Hirato, M., and Matsumura, M.
(1993). Tremor-mediating thalamic zone studied in humans and in
monkeys. Stereotact. Funct. Neurosurg. 60, 136–145. doi: 10.1159/
000100600
O’Muircheartaigh, J., Vollmar, C., Traynor, C., Barker, G. J., Kumari, V., Symms,
M. R., et al. (2011). Clustering probabilistic tractograms using independent
component analysis applied to the thalamus. Neuroimage 54, 2020–2032. doi:
10.1016/j.neuroimage.2010.09.054
Owen, S. L., Heath, J., Kringelbach, M., Green, A. L., Pereira, E. A., Jenkinson, N.,
et al. (2008). Pre-operative DTI and probabilisitic tractography in four patients
Frontiers in Neuroanatomy | www.frontiersin.org 14 July 2016 | Volume 10 | Article 76
fnana-10-00076 July 8, 2016 Time: 11:46 # 15
Jakab et al. Connectivity Based Neurosurgical Targeting
with deep brain stimulation for chronic pain. J. Clin. Neurosci. 15, 801–805. doi:
10.1016/j.jocn.2007.06.010
Pfefferbaum, A., Adalsteinsson, E., and Sullivan, E. V. (2003). Replicability of
diffusion tensor imaging measurements of fractional anisotropy and trace in
brain. J. Magn. Reson. Imaging 18, 427–433. doi: 10.1002/jmri.10377
Pouratian, N., Zheng, Z., Bari, A. A., Behnke, E., Elias, W. J., and Desalles,
A. A. (2011). Multi-institutional evaluation of deep brain stimulation targeting
using probabilistic connectivity-based thalamic segmentation. J. Neurosurg.
115, 995–1004. doi: 10.3171/2011.7.JNS11250
Schlaier, J., Anthofer, J., Steib, K., Fellner, C., Rothenfusser, E., Brawanski, A.,
et al. (2015). Deep brain stimulation for essential tremor: targeting the dentato-
rubro-thalamic tract? Neuromodulation 18, 105–112. doi: 10.1111/ner.12238
Sudhyadhom, A., McGregor, K., Okun, M. S., Foote, K. D., Trinastic, J., Crosson, B.,
et al. (2013). Delineation of motor and somatosensory thalamic subregions
utilizing probabilistic diffusion tractography and electrophysiology. J. Magn.
Reson. Imaging 37, 600–609. doi: 10.1002/jmri.23861
Takao, H., Hayashi, N., Kabasawa, H., and Ohtomo, K. (2012). Effect of scanner in
longitudinal diffusion tensor imaging studies. Hum. Brain Mapp. 33, 466–477.
doi: 10.1002/hbm.21225
Takao, H., Hayashi, N., and Ohtomo, K. (2011). Effect of scanner in asymmetry
studies using diffusion tensor imaging. Neuroimage 54, 1053–1062. doi:
10.1016/j.neuroimage.2010.09.023
Torres, C. V., Manzanares, R., and Sola, R. G. (2014). Integrating diffusion
tensor imaging-based tractography into deep brain stimulation surgery: a
review of the literature. Stereotact. Funct. Neurosurg. 92, 282–290. doi: 10.1159/
000362937
Traynor, C., Heckemann, R. A., Hammers, A., O’Muircheartaigh, J.,
Crum, W. R., Barker, G. J., et al. (2010). Reproducibility of thalamic
segmentation based on probabilistic tractography. Neuroimage 52, 69–85.
doi: 10.1016/j.neuroimage.2010.04.024
Tripoliti, E., Strong, L., Hickey, F., Foltynie, T., Zrinzo, L., Candelario, J.,
et al. (2011). Treatment of dysarthria following subthalamic nucleus deep
brain stimulation for parkinson’s disease. Mov. Disord. 26, 2434–2436. doi:
10.1002/mds.23887
Wiegell, M. R., Tuch, D. S., Larsson, H. B. W., and Wedeen, V. J. (2003). Automatic
segmentation of thalamic nuclei from diffusion tensor magnetic resonance
imaging. Neuroimage 19, 391–401. doi: 10.1016/S1053-8119(03)00044-2
Yeterian, E. H., and Pandya, D. N. (1988). Corticothalamic connections of
paralimbic regions in the rhesus monkey. J. Comp. Neurol. 269, 130–146. doi:
10.1002/cne.902690111
Zhang, D., Snyder, A. Z., Shimony, J. S., Fox, M. D., and Raichle, M. E.
(2010). Noninvasive functional and structural connectivity mapping of
the human thalamocortical system. Cereb. Cortex 20, 1187–1194. doi:
10.1093/cercor/bhp182
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Jakab, Werner, Piccirelli, Kovács, Martin, Thornton, Yousry,
Szekely and O‘Gorman Tuura. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.
Frontiers in Neuroanatomy | www.frontiersin.org 15 July 2016 | Volume 10 | Article 76
